A comprehensive fractionation technique was applied to a set of water samples obtained along a real drinking water treatment plant with ozonation and granular activated carbon (GAC) treatment to obtain detailed profiles of dissolved organic matter (DOM) and to evaluate the haloacetic acid (HAA) formation potentials of these DOM fractions. The results indicated that ozonation and GAC treatment showed limited ability to remove hydrophilic fractions (23%), while removal of hydrophobic fractions was 72%. The contribution of hydrophilic fractions to HAA formation increased from 30 to 61% along the treatment train because of better removal for hydrophobic fractions both in concentration and reactivity. Similar trends were also found for trihalomethanes.
INTRODUCTION
The precursors of disinfection byproducts (DBPs)toxic compounds produced by the reaction between disinfectants and organic or inorganic constituents in source waterwere believed to be mainly hydrophobic compounds (i.e., humic and fulvic acids). However, recent studies have suggested that the hydrophilic fraction is a major contributor to the formation of trihalomethanes (THMs, CHX 3 , where X ¼ Cl, Br, or I) (Imai et al. ) . THM formation potential per unit of dissolved organic carbon (DOC) from the hydrophilic fraction was shown to be comparable to that of aquatic humic substances (hydrophobic fraction), and the hydrophilic fraction could be a dominant precursor of THMs for low humic waters. Nagai et al. () also found that the hydrophilic fraction of lake dissolved organic matter (DOM) was a major precursor of THMs. These and other studies clearly highlighted the importance of hydrophilic fractions for DBP formation, and have changed our view of DBP precursors. This may also be true for other DBPs. Indeed, it has been reported that hydrophilic fraction could be a major precursor of haloacetic acids (HAAs, CH 3-n X n COOH, where X ¼ Cl, Br, or I), another important class of DBPs (Liang & Singer ; Lu et al. ) . In addition, the contribution of the hydrophilic fraction is significant for the formation of dichloroacetonitrile and N-nitrosodimethylamine (NDMA) (Lee et al. ) . These findings suggest that hydrophilic fractions are important as precursors of various DBPs.
Most of the studies mentioned above focused on characterization of DOM and on evaluation of the DBP formation potentials of raw waters. However, the composition of DOM changes along the treatment system and the major precursors of DBPs could depend on the type of drinking water treatment. Thus, it is desirable to characterize DOM after treatment to identify the major fractions contributing to DBP formation in actual drinking water. Kim & Yu () compared DOC profiles and DBP formation potentials between conventional rapid sand filtration and membrane treatment systems (ultrafiltration and nanofiltration). While this was a major advance in the field of DBP chemistry, their evaluation did not include ozonation, a key treatment step in advanced drinking water treatment plants. In addition, DOM was divided into only two fractions (hydrophilic and hydrophobic).
The combination of ozonation and granular activated carbon (GAC) is a common and effective approach to control DBPs. However, to our knowledge, there have been no detailed reports regarding the DOM profile (e.g., the percentage of hydrophilic fraction) along the treatment train with ozonation and GAC treatment, or how the most important fractions for DBP formation shift with each unit operation.
While both THMs (0.06, 0.03, 0.1, 0.09, and 0.1 mg/L for chloroform, bromodichloromethane, dibromochloromethane, bromoform, and total THMs, respectively) and HAAs (0.02, 0.04, and 0.2 mg/L for chloroacetic acid, dichloroacetic acid, and trichloroacetic acid, respectively) are regulated as chlorination byproducts in Japan, much less information is available for HAAs. In the present study, we applied a comprehensive fractionation technique of DOM to a set of water samples obtained along a real drinking water treatment plant with ozonation and GAC treatment, and evaluated the HAA formation potentials of these DOM fractions to identify the major precursors at each treatment step. THM formation potentials were also measured for comparison. 
MATERIALS AND METHODS

Water samples
Fractionation
The samples were fractionated into six fractions by a method similar to that described previously by Leenheer (). In The differences in HAA formation among the DOM fractions after GAC were smaller than those after other treatment steps and the raw water, thus indicating very similar precursor structures among the different fractions. HAAs may not be sufficient to guarantee the safety of finished water. Figure 5 shows the relative contributions of DOM fractions to HAA formation potential at each treatment step.
The total formation potential decreased by 55% along the treatment train, while the relative contribution of the hydrophilic fractions increased from 30 to 61%. Thus, the major contributor to HAA formation was different for the inlet sample and the sample after ozonation and GAC treatment.
There are two major reasons for these results: (1) better removal of the hydrophobic fractions and (2) decreased yields of HAAs for hydrophobic fractions, but remaining constant for hydrophilic fractions.
These findings are important because most previous studies to identify the fraction important for DBP formation were conducted with source waters. Our results clearly indicated that the DOM content after treatment is completely different from that of the source water in terms of DBP formation, especially after ozone þ GAC treatment (note: there was no HoN fraction after GAC) and that it is more appropriate to characterize DOM in the treatment train to identify the DOM fraction responsible for DBP formation. Figure 6 shows the THM formation potentials per unit DOC at each treatment step for DOM fractions. THM formation potentials of hydrophilic fractions decreased along the treatment process, but those of other fractions did not change or even increased. Similar to HAAs, these observations indicated the importance of hydrophilic fractions after treatment as the precursors of THMs. Figure 7 shows this more clearly. The contribution of hydrophilic fractions was very small (3.7%), and this trend was similar to that of HAA formation potentials.
CONCLUSIONS
A comprehensive fractionation technique was applied to water samples obtained along a real drinking water treatment process with ozonation and GAC treatment to evaluate HAA formation potentials of these DOM fractions.
The results indicated only limited removal of hydrophilic fractions by ozonation and GAC treatment (23%), while that of hydrophobic fractions was 72%. The contribution of hydrophilic fractions to HAA formation increased from 30 to 61% along the treatment train due to better removal and lower reactivity after treatment. Similar trends were found for THMs. These observations suggested that the combination of ozonation and GAC treatment may not be relevant in terms of DOC removal and control of DBPs for source waters with high levels of hydrophilic compounds.
